. XRD patterns of ZnO NR arrays on FTO/glass substrate and FTO/glass substrate for comparison.
Calculation of photon absorption flux
When evaluating photon absorption flux ( abs ), simulated absorbance spectra of the PbS layer were used to calculate. The simulated absorption spectra were obtained by a threedimensional finite difference time-domain (FDTD) method as shown in Figure S2 . Figure S2 . Simulated absorption spectra of the PbS layer for reference, planar, and NR-based devices.
S-3
The absorbed photon flux  abs was calculated by multiplying the absorption in the PbS layer with the AM1.5 G solar irradiation as following equation.
where F is the spectral irradiance in Wm -2 nm -1 ; Ф is the photon flux in number of photons m -2 s -1 ; λ is wavelength of the photon in nm. AM 1.5G solar irradiance is shown in Figure S3 . 2) ZnO NR-based device Figure S5 . Schematic illustration of fabrication procedure of ZnO NR-based device.
Microstructures of ZnO nanorods
Microstructures of ZnO NR arrays depending on concentration of precursor solution and growth time of ZnO NRs are shown in Figure S6 and S7, respectively. Figure and 5h, respectively.
ZnO NRs need to be fully covered by CdS and PbS layers. To obtain consistent vertical
ZnO NR arrays that have appropriate inter-NR spacing, zinc acetate concentration of 0.50 M and 0.007 M were finally selected to grow ZnO film and nanorod, respectively. The length and diameter of the ZnO NR used in this study were ~200 nm and ~45 nm, respectively. 
